Abstract. R-Ras, a member of the Ras superfamily, is expressed in a wide variety of tissues and regulates cell adhesion, migration, differentiation and apoptosis. Research has raised the possibility that R-Ras may function as a positive regulator of cell proliferation and transformation in the breast. To understand the possible role of R-Ras in breast epithelial carcinogenesis, the expression and activation of R-Ras were detected in each of 69 pairs of breast cancer tissues and normal tumor-adjacent tissue samples by qRT-PCR, western blot analysis and GST pull down assay; 12 available cell lines were also subjected to western blot analysis and GST pull down assay. To further address the role of R-Ras in transformation-related phenotype formation of breast cancer cell line MCF-7 in vitro, R-Ras38V, a constitutively activated mutant of R-Ras, was transfected into MCF-7 cells, and the cell proliferation, migration and cell cycle distribution were analyzed. The results showed that although there was slight difference in the protein expression of R-Ras between the breast cancer tissues and normal tissues, the activation of R-Ras was reduced in 63.8% of the cancer tissues when compared to the normal tissue samples. In addition, the results also showed that R-Ras38V inhibited cell proliferation, migration and cell cycle progression in the presence of serum. Contradicting the positive association reported in previous studies, our results indicate that R-Ras activation may negatively regulate the transformation of breast epithelial cells, and the loss of activation of R-Ras may be involved in the carcinogenesis of breast cancer. To solve this controversy, further independent studies are needed to validate our study results.
Introduction
Breast cancer is a common cancer in women. It has a significant impact on the mental and physical health of females and it is also life-threatening. Due to the rapid societal and environment changes in China (i.e., increase in life expectancy and dietary structure or habit), the incidence of breast cancer in China has exhibited a yearly upward trend. The occurrence of breast cancer is the result of numerous factors, such as the activation of oncogenes and inactivation or reduced activity of tumor-suppressor genes, which trigger signal transduction pathway activation, leading to abnormal cell proliferation, abnormal apoptosis and abnormal structure, as well as expression of cell adhesion molecules. As a result, these factors promote tumor occurrence and development.
To date, many genes have been found to be associated with tumor carcinogenesis, such as ras, myc, sis, p53 and Rb. Ras is a small GTPase, that plays an important role in diverse cellular reactions, particularly in the process of tumor genesis (1) . The human R-Ras gene is isolated by low-stringency hybridization with a v-H-ras probe, and it is located on chromosome 19q13.3 (2) . As a member of the Ras superfamily of small GTPases, R-Ras plays a molecular switching role in cell signaling. The two interconvertible forms, GDP-bound inactive and GTP-bound active forms, transduce upstream signals to downstream effectors (3) (4) (5) .
As it was originally cloned through its homologous H-Ras, the R-Ras protein has 55% similarity to H-Ras (2) . R-Ras has close sequence similarities, and an almost identical effectorbinding region to H-, N-and K-Ras (6) , and has common Ras effectors, including RalGDS and PI3-kinase (7) . The R-Ras protein has 26 amino acids in its N-terminal, thus R-Ras has distinct cellular functions from other analogous Ras members.
R-Ras is an important molecule. R-Ras was found to regulate the apoptotic response in hematopoietic 32D.3 cells. R-Ras (38V) inhibits BCL-2-mediated apoptotic cell death (8, 9) . In addition to its distinct functions, R-Ras affects integrin activation by controlling the ligand-binding activity of integrins.
R-Ras activates integrins, resulting in increased cell adhesion and matrix assembly (10, 11) . For example, active R-Ras (38V) promotes the formation of focal adhesion and a spread cell shape (12) . A proline rich site is required for controlling cell adhesion (13, 14) . Dominant active R-Ras promotes neurite outgrowth of late embryonic retinal neurons; R-Ras inactivation is required to induce growth cone collapse (15) . It was shown that R-Ras is essential for axon specification and neuronal polarization in hippocampal neurons, thus it is also implicated in the promotion of neurite outgrowth. The role of R-Ras has also been identified as an important regulator of vascular regeneration in vivo (16) . In a study by Komatsu et al, R-ras gene disruption in mice rendered these animals susceptible to the excessive proliferative response of neointimal smooth muscle cells to acute arterial injury (16) . Although R-Ras promotes normalization of tumor vasculature (17) (18) (19) , it is a small GTPase of the Ras family that can perform multiple functions including the regulation of cell apoptotic and integrin activity, cell motility, neural synaptic plasticity and vascular regeneration.
Transforming growth factor-β (TGF-β) was found to cooperate with R-Ras to promote murine EpH4 cell transformation and tumor progression (21) , and R-Ras also reportedly induced a more invasive phenotype in breast epithelial cells through integrin. In addition, R-Ras activation was found to disrupt the polarized differentiation of breast epithelial cells through collagen (22) . R-Ras promotes estrogen-independent growth when EGF receptor family members are not involved in breast cancer cells. Research has found that p130 (Cas) regulates the activity of AND-34 to control R-Ras-GTPases that may participate in the progression of breast cancer cells to tamoxifen resistance (23) . R-Ras and BCAR3 regulate the level of IRS-1 protein in estrogen-dependent MCF-7 and ZR75 breast cancer cells. The expression of a constitutively activated R-Ras mutant, R-Ras38V or of BCAR3 accelerates the degradation of IRS-1 leading to the impairment of signaling. Both R-Ras38V expression and estrogen signaling blockade lead to the degradation of IRS-1 (24); however, the transforming properties of R-Ras remain under investigation, and are partially dependent on the specific cell in question.
Although R-Ras has been suggested to function in breast cancer cell lines, its main mechanisms remain unclear. The level of R-Ras expression and its activity level in breast cancer in particular have not yet been reported. Thus, the present study was designed to explore the role of R-Ras in breast cancer. The overall objective of the present study was to investigate and better understand the association between R-Ras activity and breast cancer development. The detailed description of our experimental procedures and results are reported in the following sections of the present study.
Materials and methods
Testing materials. In this in vitro study, our testing materials were selected from two sources. The first included available cancer-related cell lines. A total of 12 different types of cell lines were selected. Among them, MCF-10A is a normal breast  cell line, while MCF-7, T47D, MDA-MB-453, MDA-MB-435S,  BT474, ZR-75-30, SK-BR-3 (32) . The cells were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco-BRL, Grand Island, NY, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco-BRL) and 20 µM glutamine.
The second source consisted of tissue samples selected from resected breast tumors. The tissue samples were acquired from 69 breast cancer patients who underwent breast surgery at Mudanjiang Cancer Hospital, China. From each resected breast region of one patient, one pair of tissues was acquired. This included one malignant tissue sample acquired inside the confirmed cancer tumor and one negative (normal) breast tissue sample located outside the tumor region. All of the tumor tissues were obtained at primary resection, and the adjacent non-tumor tissue was removed at least 5 cm from the tumor border. These samples were immediately transferred to liquid nitrogen. Histologic diagnosis was carried out by standard evaluation. The classification of the human breast tumors used in the present study was based on the revised World Health Organization criteria for tumors. As a result, our breast tissue testing dataset included 69 pairs of malignant and normal breast tissue samples acquired from 69 cancer patients.
In this testing dataset, the patient ages ranged from 29 to 74 years with an average age of 45.38 years. The clinicopathological data indicated that the majority of the 64 patients presented with infiltrative ductal carcinoma, while the remaining 5 women had other types of cancers including infiltrative lobular carcinoma (1 case), mucinous carcinoma (1 case), medullary carcinoma (2 cases) and intraductal carcinoma (1 case). Among the patients, 42 did not have lymph node metastasis, while 27 had lymph node metastasis. The measured resected tumor sizes varied in these patients. Among them, 21 tumors had a measured diameter <2 cm and 48 tumors had a diameter >2 cm. The histologic tests showed that 53 tumors had histologic grades 1-2 and 16 had histologic grades 2-3. None of the patients had been subjected to chemotherapy or radiation therapy prior to tumor resection. There were no pre-selection requirements except that the tumor diameter exceeded 1 cm in size, as this was more likely to provide sufficient study material. The same tissue was divided into three parts for use in the western immunoblot analysis, qPT-PCR and GST pull down assay. We then selected a set of antibodies and reagents for this study. These included: i) rabbit anti-R-Ras antibodies produced by Santa Cruz Biotechnology (Santa Cruz, CA, USA); ii) monoclonal mouse monoclonal anti-GAPDH antibody from the Protein Tech Group; and iii) the Glutathione Sepharose™4B (Amersham Biosciences) RNA extraction kits and reverse transcription kits from Tiangen Biotech Co., Ltd. (Beijing, China). The PCR primers were designed using Beacon Designer and synthesized by Beijing SBS Genetech Co., Ltd. (Beijing, China). Custom-made Hot-Start Master mixture for quantitative PCR was also obtained from Abgene (Takara-Applied Biosystems, Shiga, Japan).
Ethics statement. All of the cell line studies and the tissue collection protocol were carried out in strict accordance with the Helsinki Declaration and the International Ethical Guidelines for Biomedical Research involving Human Subjects. All patients signed an informed consent in regards to surgical removal, tumor therapy and the use of the residual material. Concerning the present study, the Mudanjiang Medical University Ethics Committee reviewed and approved conduction of this research.
Methods
Cell transfection. The cells were first transfected using the cationic liposome method with 4 µg of plasmid for each culture dish. After transfection, the cells were cultured in OPTI-MEM for 48 h. The medium was then replaced with fresh medium containing 0.6 mg/ml geneticin (G418; Gibco-BRL), and the cultured cells were continually selected for stable transfectants. Up to resistance clone formation, the cells were subcultured until enough cells were obtained for subsequent experiments. The cells were always maintained in medium with G418 substance. The R-Ras-GTP protein and R-Ras protein were constantly expressed. All clones expressed the R-Ras mutant protein at similar levels, as indicated by western blot analysis.
Testing and data analysis methods. In order to avoid or minimize the potential bias of the experimental results, we applied six testing methods in the present study to cross-validate the experimental results and increase data analysis power. Five were used in cell line tests and three were applied in tumor sample tests. Following are the brief description of each testing method.
Cell proliferation ability. After transfection, the first testing method was assessment of cell proliferation ability. MCF-7 cells in a logarithmic growth phase were suspended in RPMI-1640 containing 10% fetal bovine serum (FBS). The cells were inoculated in 24-well plates, with ~1x10 4 cells in each plate. After the cells had grown for 24 h, and had adhered to the plate, the cells were treated with replaced serum-free medium. After cultural synchronization for 24 h, the cells were treated with 1% FBS medium. The medium was replaced every two days.
Cell counts were then performed from two replicate wells on day 1, 4, 7 and 10, respectively; at the same time the living cells were confirmed by trypan blue staining. The repeated test mean data was input into GraphPad Prism.5.0, and a chart for the growth curve was plotted.
Cell cycle analysis. After the MCF-7 cells stably expressed pcDNA3.1, pcDNA-R-Ras or pcDNA-R-Ras38V, the cell cycle stages were determined by the second testing method using flow cytometric analysis. The cells were cultured at 37˚C with 5% CO 2 in DMEM containing 10% FCS. For convergence at a rate of ~80%, the cells were digested by trypsin, and made into a suspension. Then, the cells were centrifuged at 1,500 rpm for 5 min at 4˚C. The supernatant was discarded, and the cells were resuspended in PBS buffer. After the mixture was repeatedly centrifuged, we discarded the supernatant. The cells were resuspended in 70% ethanol (-20˚C) and stored at -20˚C for at least 12 h. Once the above processes were completed, we repeated centrifugation of the cells and washed them twice with cold PBS. Cells were then stained with propidium iodide (PI) staining solution, which was constructed by adding three chemical components [10 ml of 0.1% NP-40, 1 mg DNase-free RNase (Sigma) and 500 µg/ml PI] into 0.1% PBS. After the stained cells were store at -20˚C away from light for ~15 min, the cells were centrifuged at 1,500 rpm for 5 min at 4˚C, for removal of PI. The processed cells were then resuspended in 500 µl PBS buffer and were ready for flow cytometry. After this cell preparation process, we used a flow cytometry device to acquire and record the cell signal spectrum data.
Cell migration assay. The preprocessed and cultured cells were also transfected and plated on dishes. We then conducted the third test based on a cell migration assay. After convergence at a rate of ~80%, the cells were treated only with serum for 16 h. The cells were trypsinized, followed by termination digestion using serum containing DMEM. The cells were completely formed into a single-cell suspension at a concentration at 5x10 5 /ml. After the cells were spread on the bottom of Transwells coated with collagen I at 37˚C in 5% CO 2 and stored for 20 h, we scratched the cell monolayers with a pipette tip. The Transwells were then placed in methanol for 5 min and finally stained using 1% crystal violet for 2 min. The cells that had migrated to the lower side of the Transwells were visually counted with a microscope using an objective lens at x20 magnification.
The above three testing methods were applied only to the cell lines. The following two methods were applied to both cell lines and tumor specimens.
Western immunoblot analysis. The fourth testing method was western immunoblot analysis. For tumor specimen processing, we extracted a 150 mg specimen from each case. It was crushed in liquid nitrogen and lysed on ice for 10 min in lysis buffer containing 50 mM Tris pH 7.6, 2.5 mM MgCl 2 , 10 mM NaF, 1% Triton X-100 and 10% glycerol by adding 1 mM PMSF, 1 µM pepstatin, 0.2 µM aprotinin and 4 µM leupeptin (Sigma). The cell lines were lysed using the same buffer. Protein concentrations inside the lysis buffer were initially measured by NanoDrop 2000. Then, by adaptively adjusting the lysis buffer concentration level, we obtained the equivalent amounts of protein for all testing samples. Finally, we extracted a 100 µg sample from the lysates of each case prepared for western blot analysis, while the rest were used for the fifth testing method, the GST-pull down assay (as discussed in the next paragraph). In the western blot analysis, the samples were resuspended in 2X loading buffer (mixed with 50 mmol/l Tris-HCl, pH 6.8, 10% sodium dodecyl sulfate, 10% glycerol, 0.001% bromophenol blue), and then denatured with 2-mercaptoethanol (Sigma). In order to perform western blot analysis for R-Ras from the available samples, 15 µg of protein was separated by 12% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis. The bands were then electrically transferred onto PVDF membranes (Millipore) using Semi-Dry Trans-Blot Cell (Bio-Rad Laboratories, Hercules, CA, USA). Finally, protein loading was controlled by blotting the same membrane with an anti-GAPDH antibody.
GST-pull down assay. The fifth testing method, a GST-pull down assay, was also applied to the cell lines and the tumor specimens. This technique requires multiple steps for preprocessing the testing materials. The first step is to produce the induced protein using the following processes. i) GST-RaLGDS-RBD vectors were transformed into BL21 bacteria. ii) BL21 (DE3) E. coli were individually transformed with the expression vectors and grown overnight at 37˚C on Luria-Bertani broth (LB)-agar plates with 100 µg/ml ampicillin. iii) Approximately 1 colony was transferred into 5 ml LB broth with 100 µg/ml ampicillin and grown at 37˚C overnight. iv) Bacterial LB broth (1 ml) was transferred into 100 ml LB broth with 100 µg/ml ampicillin and grown at 37˚C for 3-4 h to a bacterial density of 0.5-0.6 absorbance units at 600 nm. v) The transformed bacteria were cultured in LB broth with the addition of 0.5 mM of IPTG to induce GST-fusion protein expression at 30˚C for 3 h. vi) The bacterial cells expressing the fusion proteins were finally collected by centrifugation and placed into tubes that were quickly frozen at -20˚C.
The second step was to bind the induced protein and beads using the following processes. i) The beads were resuspended in buffer mixed with (pH 7.6): 50 mM Tris, 2.5 mM MgCl 2 , 10 mM NaF, 1% Triton X-100, 10% glycerol, 1 mM of phenylmethylsulfonyl fluoride (PMSF) (Sigma) at 4˚C. ii) The bacterial mixture was then lysed using a sonicator at a 100 W setting '4' with 12 bursts of 3 sec at 4˚C. The lysates were cleared by centrifugation at 8,000 x g for 20 min. iii) The GST-fusion proteins were purified by 0.2 ml columns of Glutathione Sepharose 4B beads (Amersham Biosciences). The beads were then suspended by rotating at 4˚C for 3 h. The affinity columns were rinsed 5 times with 0.75 ml of washing buffer (consisting of pH 7.6; 50 mM Tris, 2.5 mM MgCl 2 , 10 mM NaF, 1% Triton X-100 and 10% glycerol). The third step was to bind the tissue sample and the beads processed in the second step. Specifically, every 0.4 ml of tissue extracts from the samples that were described in the western blot analysis were mixed with 50 µl of the beads. We also performed suspension by rotating the final mixture at 4˚C for 1 h. After the beads were washed for three times in the same washing buffer and boiled in 1X SDS loading buffer, the GST-proteins were collected by centrifugation. The pull-down samples were also tested using western blot analysis for R-RasGTPase.
Quantitative RT-PCR. Our final (sixth) testing method was only applied to the tumor tissue samples. The sixth testing method used a quantitative RT-PCR method in which total RNA extraction from the tissue specimens was performed according to the instruction manual by Tiangen Biochemical Technology. The RNA quality was evaluated by electrophoresis on 1.2% agarose gel. The RNA samples were quantified, and similar quantities were used for cDNA synthesis. For the cDNA synthesis, 1 µg of total RNA was reverse-transcribed using oligo-dT and the Superscript amplification system. Quantitative RT-PCR was carried out using SYBR-Green PCR Master Mix. R-Ras (NM 006270) had the sense primer, 5'-CCTGCTGGTGTTCGCCATTA-3' and the antisense primer, 5'-GGTCCTTGACCCGCAGAATC-3'; while GAPDH (NM_002046) had the sense primer, 5'-GCACCGTCAAG GCTGAGAAC-3' and antisense primer, 5'-TGGTGAAGA CGCCAGTGGA-3'. The cycling conditions were set at 95˚C for 10 sec, followed by 95˚C for 5 sec, 60˚C for 31 sec for 40 cycles. For quantification, the target genes were normalized to the internal standard GAPDH gene. The amplification efficiency was calculated for each gene from the slope of the linear regression curve of Ct values vs. logarithm (log) of the cDNA concentration. The PCR efficiency in the exponential phase was calculated. Relative expression levels were also calculated.
After acquiring all testing data from the cell lines and the paired breast tissue specimens using all six testing methods, we conducted statistical data analysis using the Student's t-test and one-way ANOVA. In the data analysis, P<0.05 was used as an index to determine statistical significance. All computations were carried out using the SPSS 13.0 statistical program.
Results

Western blot analysis of total R-Ras and R-Ras-GTP expression in the 12 cell lines.
We measured R-Ras protein levels and compared the R-Ras expression levels between the normal breast MCF-10 cell line and 11 mammary carcinoma cell lines using western blot analysis. We found that the R-Ras protein expression levels were lower in 8 mammary carcinoma cell lines (MCF-7, MDA-MB-435S, BT474, ZR-75-30, Hs578T, SK-BR-3, BT549 and MDA-MB-231) than the level in the MCF-10 cell line ( Fig. 1A and B) . The R-Ras protein expression level was decreased in 72.7% of the 11 mammary carcinoma cell lines. The results also showed that by comparing the expression level of R-Ras active protein in MCF-10 cells with the other 11 mammary carcinoma cell lines using both western blot analysis and GST-pull down assay, R-Ras active protein was expressed in 9 of the 11 breast carcinoma cell lines (MCF-7, MDA-MB-453, T47D, MDA-MB-435S, BT474, ZR-75-30, SK-BR-3, BT549 and MDA-MB-231) and was lower than that in the MCF-10 cells (Fig. 1A and C) . The level of R-Ras active protein decreased in 81.8% of mammary carcinoma cell lines.
qRT-PCR and western immunoblot analysis of R-Ras expression in the breast cancer and paired normal tumoradjacent tissues.
To confirm the results of R-Ras expression in the breast cell lines, 42 samples of breast cancer and paired normal tumor-adjacent tissues were selected and analyzed by quantitative real-time RT-PCR. The R-Ras expression profiles were determined and normalized against GAPDH in order to correct for varying tissues between samples. R-Ras was found to be expressed in both normal tissues and breast cancer specimens. The median relative R-Ras mRNA ratio was 3.1365 (range, 0.2207-9.6078) for normal tumor-adjacent tissues, and 0.5454 (range, 0.0038-4.0000) for cancer tissues. The data demonstrated that the expression level of R-Ras mRNA in the breast cancer tissues was significantly lower than that in the normal breast tissues (P=0.00000, P<0.01) (Fig. 2) . When using western immunoblot method to detect and analyze 69 samples of breast cancer and paired normal tumor-adjacent tissues, the R-Ras expression profiles were determined and normalized against GAPDH (Fig. 3A) . Although the results showed that R-Ras was positively expressed in all normal tissues and 67 breast cancer specimens, on the whole, the level of R-Ras protein in 57 cases of cancer tissues was significantly lower than that in the normal tissues (P=0.00000, P<0.0001) (Fig. 3B) . The R-Ras protein levels in the samples demonstrated a similar expression pattern as compared to those of the R-Ras mRNA. The method proved that the expression level of total R-Ras protein was decreased in the breast cancer specimens, with a rate of decrease of 82.6%. Collectively, the three testing methods and results proved that the expression level of total R-Ras protein was in general lower in the breast cancer-related cell lines and the actual tissue specimens.
Analysis of the activation of R-Ras in the tissues. R-Ras
molecules cycle between the active GTP-bound form and the inactive GDP-bound form; the amount of active GTP-Ras was separated from these samples, and was measured as previously described using western immunoblot analysis. The activation of R-Ras-GTP expression levels was determined and normalized against R-Ras-total/GAPDH. In the 69 breast cancer tissue samples and paired normal tumor-adjacent tissues, 54 of 69 (78.3%) normal tumor-adjacent tissue samples displayed R-Ras-GTP expression (Fig. 3A ). There were 14 paired cases of breast cancer and normal tissues without expression of R-Ras; 10 of 69 (14.5%) breast cancer tissue samples displayed R-Ras-GTP expression. The activity in the normal tumor-adjacent tissues was ~6-fold that in the breast cancer tissue samples. The activity of R-Ras in the breast cancer tissue samples was lower than that in the normal tissues; the degree of R-Ras activation was significantly lower than that in the the normal tissues (P=0.011; P<0.05) (Fig. 3C) . Although R-Ras activation was positively expressed in 10 breast cancer samples, there were only 4 cases in which the activation level was higher than that in the corresponding adjacent normal tissue. They were all infiltrative ductal carcinoma with lymph node metastasis and negative PR.
Phenotype formation of breast cancer cell line transfected with R-Ras and R-Ras38V.
To further address the role of R-Ras in transformation-related phenotype formation in breast cancer cells, R-Ras and R-Ras38V, which is a constitutivelyactivated mutant of R-Ras, were transfected into MCF-7 cells (Fig. 4A) , and cell proliferation, migration and cell cycle phases were analyzed. After the MCF-7 cells were transfected with pcDNA3.1 or pcDNA3.1R-Ras for 3 days, the rate of cell proliferation declined to 35-40%. The results showed that R-Ras inhibited cell proliferation (Fig. 4B) . Cell cycle phase distribution was assessed by flow cytometry. after the MCF-7 cells were transfected with pcDNA3.1, the percentage of cells in the G0/G1 stage was 63.33±10.88%. In the S stage, this percentage was 27.26±9.50%, and in the G2/M stage, it declined to 9.4±1.57%. After the MCF-7 cells were transfected with pcDNA3.1R-Ras38V, the percentage of cells in the G0/ G1 stage was 69.67±10.66%. In the S stage this percentage was 18.51±9.95%, and in the G2/M stage it was 11.82±2.92%. The percentage of cells dropped by 32.10% in the S stage, when comparing the two groups (P<0.01) (Fig. 4C) . This demonstrated that the cell cycle was restricted at the S stage in the pcDNA3.1 R-Ras38V group; the ability of DNA synthesis decreased, and R-Ras38V arrested cell cycle progression. The migratory capacities of the MCF-7 cell were reduced after transfection. Following comparison of the pcDNA3.1 and pcDNA3.1R-Ras38V groups, the cell transmembrane migratory count declined by 36.11% on average. When comparing the pcDNA3.1 group with the pcDNA3.1R-Ras group, the cell transmembrane migratory count declined by 2.7% (Fig. 4D) . Thus, R-Ras38V inhibited cell migration in the presence of serum. Table I shows that the total protein level of R-Ras was correlated with lymph node metastasis (P=0.0474) and tumor diameter (P=0.0002). No correlation with age range (P=0.1296), histologic types (P=0.3803) and histologic grades (P=0.2358) was noted. The relationship between R-Ras-GTP protein expression and clinical pathological characters is summarized in Table II . The results showed that the protein level of R-Ras-GTP was correlated with lymph node metastasis (P=0.0171). However, there was no correlation with age range, tumor diameter, histologic types and histologic grades.
Clinical significance of the expression and activation of R-Ras in breast cancer.
Since the breast is a hormonal action-targeted organ and the negative expression of the progesterone receptor (PR) and the estrogen receptor (ER) result in poor prognosis (25) , within the tumor samples, we also examined PR and ER by immunohistochemistry. PR and ER are located in the nucleus. The positive rate of PR was 55.7% in 69 of the breast cancer cases whereas the positive rate of ER was 49.92%. In addition, total R-Ras protein levels were also positively associated with ER (P=0.0159), while R-Ras-GTP protein expression was negatively associated with PR (P=0.0169) and ER (P=0.0119). 
Discussion
The Ras superfamily is a small G protein molecular switch that transduces an upstream signal into downstream effectors. The classic Ras proteins include H-Ras, N-Ras and K-Ras. The other proteins include Rap, Ral, R-Ras, Rho, Rin and Rit (26) . Since the role of classic Ras in the process of human tumorigenesis has been well established, the R-Ras proteins have been reported to be involved in multiple biological functions, such as induction of cell transformation in fibroblasts, inhibition of cell proliferation in endothelial and smooth muscle cells and spatial modulation of cell migration (16, 27, 28) . Although R-Ras protein expression has been investigated in several types of tumor tissues (i.e., cervical and brain tumor tissues), it has never been previously investigated in breast tumor tissue.
In the present study, we systematically investigated the function of R-Ras as a mediator in breast cancer using a unique and comprehensive approach using seven testing methods, which increased the reliability of our experimental results with the capability of cross-validation. For the first time, we analyzed the R-Ras RNA expression level, as well as measured the total protein and activated protein levels using both breast tissue samples and standard breast cell lines. Based on our experimental results, the median relative R-Ras mRNA ratio was 6-fold higher in normal tissue than this ratio in cancer tissue (P=0.00000, P<0.01). Our immunoblot results showed an overexpression of R-Ras protein in normal breast cancer compared with carcinoma; particularly for R-Ras-GTP, we found that it was only activated in 10 of 69 breast cancer tissue samples compared to the paired tumor-adjacent normal tissues (57 of 69). Through the in vivo experiment, we also found that the expression and activity level of R-Ras decreased in breast cancer tissues when compared to normal tissue adjacent to carcinoma. Significant correlations were found between clinicopathological features including tumor diameter and lymph node metastasis. It was negatively correlated to the size of the tumor diameter and the metastatic state. These results suggest that R-Ras expression inhibits the tumor growth, and also significantly inhibits tumor metastasis. With the development of breast cancer, the expression level of R-Ras weakened gradually, and this low R-Ras expression level may cause mammary cells to become cancerous. Regarding prognosis, the amount of R-Ras may also be inversely associated with cancer prognosis (e.g., tumor diameter, metastatic levels). Lower R-Ras protein levels indicate higher amounts of activity in breast cancer.
In order to analyze the effects of R-Ras total protein levels and the protein activity on the biological characteristics of breast cancer cells, R-Ras was overexpressed or overactivated in the MCF-7 cell line, and its effect on the MCF-7 cell biological characteristics was assessed. The results showed that tumor cell proliferation, the invasive ability and movement ability were significantly lower, and the number of cells in the S phase of the cell cycle was lowered. The results showed that R-Ras38V inhibited cell proliferation, migration and cell cycle progression in the presence of serum. Collectively, our results indicate that R-Ras activation may negatively regulate the transformation of breast epithelial cells, and the loss of activation of R-Ras may be involved in the carcinogenesis of breast cancer.
Notably, our experimental results did not coincide with the results of several studies conducted by other researchers who investigated the correlation between R-Ras protein expression and the development of other types of cancers. In some reports, the R-Ras gene was considered to be ubiquitously expressed in all organs and tissues. A number of reports showed that R-Ras expression and phosphorylation were correlated with increasing grade of gliomas. The R-Ras mRNA ratios were significantly higher in glioblastoma samples than those in anaplastic astrocytoma tissues, low-grade astrocytoma tissues and normal brain tissues (29) . R-Ras reportedly promotes tumor growth of cervical epithelial cells (29) . In addition, R-Ras was reported to induce cell transformation in fibroblasts and to induce a more invasive phenotype in breast epithelial T47D cells (22, 26) . R-Ras was found to increase cervical epithelial cell migratory potential over collagen through a pathway that involves PI3-K (31).
Our experimental results were conflicting. The amount of R-Ras protein showed an inverse association with the risk of breast cancer cell development and metastatic levels. This finding is contradictory to previous observations that showed positive associations between R-Ras protein levels and other types of cancers (28) (29) (30) . As to the role of R-Ras in breast cancer, we analyzed the problem from three aspects. In regards to the cell lines, previously reported studies used T47D cells and fibroblasts; while in the present study, total R-Ras protein expression was increased only in T47D cells. However, in whole tissue, the total R-Ras protein and R-Ras activity protein expression were decreased. Hence, further investigation and validation on this subject are required by other independent research groups.
For cell proliferation conditions, the biological actions of R-Ras are mediated by multiple effectors. PI3-K-dependent signaling cascades are critical to its function. The estrogen receptor (ER) and progesterone receptor (PR) also mediate signaling events inducing distinct responses in breast cells. In the present study involving 69 cases of breast cancer, the positive rate of ER was 55.7% and the positive rate of PR was 49.92%. Recent studies demonstrate the existence of crosstalk between EGFR signaling pathways and ER signaling pathways. EGF, IGF-I can modulate the expression and activity of the estrogen receptor-α (ER-α) via the PI 3-K/Akt pathway in ER-α-positive breast cancer cell lines. In breast cancer, R-Ras mediates inhibition of insulin signaling associated with the suppression of estrogen action in breast cancer cells. R-Ras participates in cross-talk between estrogen and insulin/IGF-1 signaling (24) . Our data showed that R-Ras and R-Ras-GTP participate in estrogen signaling; however, total R-Ras protein levels were also positively associated with ER, while R-Ras-GTP protein expression was negatively associated with PR and ER. In regards to tumor angiogenesis, as a tumor grows in size, it stimulates the formation of new blood vessels (16) in vivo, and the role of R-Ras is an important negative regulator of vascular regeneration and promotes quiescence of vascular cells. The R-ras gene disruption in mice rendered these animals susceptible to the excessive proliferative response of neointimal smooth muscle cells to acute arterial injury. Forced expression of activated R-Ras (R-Ras38V) suppressed mitogenic and invasive activities of growth factor-stimulated endothelial cells and arterial smooth muscle cells. Hence, further investigation and validation on this subject is required by other independent research groups.
Although the association between R-Ras protein expression or activity and breast cancer development has been investigated by other research groups, this is the first study to use both breast cancer cell lines and breast tumor specimens to comprehensively investigate the association between a new genetic biomarker (R-Ras protein) and breast cancer. Hence, this study has a number of unique characteristics. It used a mixed testing dataset including 12 breast cancer-related cell lines and 69 matched pairs of breast tissue samples acquired from resected breast tumors. We also applied four well-established and commonly acceptable biological testing methods to acquire testing signals and then conducted cross validation of our results using these different testing methods. To the best of our knowledge, this increased the accuracy and reliability of our results. As a result, compared to previous studies, our study provides more comprehensive experimental and data analysis results.
Further research of R-Ras is warranted. It has potential clinical significance in cancer detection and diagnosis. R-Ras protein is a new biomarker with high specificity. Due to this unique characteristic, it can provide valuable complimentary or supplementary diagnostic information along with other existing biomarkers or cancer-related genes. Hence, R-Ras may also be a new predictor of cancer prognosis. Regarding cancer treatment efficacy assessment, increasing R-Ras protein levels following chemotherapy or radiation therapy may indicate favorable response to treatment of the patient. In regards to new cancer drug development, the development and use of drugs that help increase R-Ras protein inside the human body may help cancer prevention and/or reduce the risk of cancer recurrence.
In summary, the present study provides evidence for an important role of R-Ras in breast cancer development. It suggests that deregulation of the balance of protein activity in cells may be an important component of breast tumorigenesis.
